Small, noncomparative studies suggest that the incorporation of a branch vessel into the aneurysm fundus could potentially contribute to unsuccessful treatment with flow diverters; 7, 21, 25 however, the analyses of these studies have very weak statistical power.
We evaluated a consecutive series of intracranial aneurysms treated with PEDs and compared the occlusion rates between aneurysms harboring branches arising from the sac and those without these branches. Additionally, we tried to identify potential predictors of treatment outcomes for cerebral aneurysms, with a particular focus on the anatomical characteristics related to the failure of flow diverters.
Methods

Study Design
This was an observational, retrospective, 2-center study conducted in accordance with the Declaration of Helsinki and the Declaration of Good Clinical Practice and was approved by the ethics review board of both institutions. Signed informed consent was obtained.
Inclusion criteria were as follows: 1) saccular or fusiform intracranial aneurysms; 2) untreated aneurysms or recurrent aneurysms after previous treatment; 3) unruptured aneurysms; 4) sidewall aneurysms; and 5) aneurysms treated with the PED. Exclusion criteria were as follows: 1) ruptured aneurysms; 2) bifurcation aneurysms; and 3) presence of a preexisting laser-cut stent. Between November 2011 and June 2016, 157 unruptured intracranial aneurysms in 116 patients were treated with flow diverters at 2 centers (Felício Rocho Hospital and University of São Paulo).
Primary End Point
The primary outcome of the study was total occlusion of the aneurysm after treatment with PEDs, assessed by catheter angiography at 6 months and 12 months. Complete occlusion was defined as complete aneurysm obliteration, including the neck.
Secondary End Points
The secondary safety outcome was death or stroke within 1 year after treatment. Technical complications, instent stenosis, patency of covered branches, and transient ischemia, including retinal ischemia, were also evaluated.
Endovascular Procedure
Patients were asked to take clopidogrel (75 mg) and aspirin (100 mg) for 5 days prior to the treatment, and for 6 months afterward. At least 100 mg daily oral aspirin was then given for another 6 months. No antiplatelet function testing was used. Heparin was given in an initial bolus of 5000 U and adjusted to achieve and maintain an activated clotting time between 250 and 300 seconds. Heparin reversal was not performed at the end of the procedure. The PED was the only flow diverter used.
Data Collection
All data from both centers were collected prospectively. Preoperative data included age, sex, clinical presentation, modified Rankin Scale (mRS) score, National Institutes of Health Stroke Scale (NIHSS) score, aneurysm location, position of the aneurysm in relation to the angulation of the parent artery, previous treatment, aneurysm size (diameter, neck, and dome/neck ratio), and the presence of an artery arising from the sac. Operative data included treated aneurysms, the size of the flow diverter, balloon angioplasty, technical complications, thromboembolic complications, and side branches covered by the flow diverter. Postoperative evaluation included immediate occlusion rate, neurological complications, in-stent stenosis, patency of the covered side branches, device migration, mRS score, NIHSS score, and occlusion rate. Radiological follow-up included 3 digital subtraction angiography sessions: immediately after the procedure, after 6 months, and after 1 year. Images were analyzed by an independent neuroradiologist with experience in flow diverter treatment. Clinical follow-up included a neurological consultation with an independent neurologist before the procedure and then 30 days, 6 months, and 1 year after the procedure.
Statistical Analysis
Aneurysms were divided into 2 groups: those with a branch arising from the aneurysm sac and those without a branch arising from the sac. The results in both groups were compared.
Continuous variables are presented as the mean ± SD and range, and categorical variables are presented as numbers and percentages. In descriptive analyses, comparison between groups (with and without branches arising from the aneurysms) was performed using the Mann-Whitney test for categorical variables and Fisher's exact test for continuous variables.
Regarding the comparison between groups, the generalized equations estimating method was used. Marginal logistic regression was performed to assess the occlusion rates at 6 months and 1 year after treatment for both groups.
Additionally, to evaluate the correlation between the 7 variables (presence of a branch arising from the sac, age, number of flow diverters deployed, aneurysm location, aneurysm diameter, neck size, and dome/neck ratio) and 3 outcomes (total occlusion, mRS score < 3, and complications), the generalized equations estimating method was used and was applied to the univariate and multivariate marginal logistic regression models. R version 3.2.4 software (Institute for Statistics and Mathematics) was used; p < 0.05 was considered to indicate a statistically significant difference.
Results
Patient Demographics
Among 116 patients, 71 (61.2%) were asymptomatic, 32 (27.6%) presented with headache, and 13 (11.2%) presented with symptoms due to mass effect. Sixteen (10.2%) aneurysms had been treated previously, 4 with clipping and 12 with coil treatment. There were 104 female patients (89.7%) and 12 male patients, with a mean age of 51.9 ± 12.8 years (median 54 years, range 12-79 years). The mRS score was 0 in 99 patients, 1 in 8 patients, 2 in 6 patients, 3 in 2 patients, and 5 in 1 patient before PED treatment.
Aneurysm Characteristics
There were 150 (95.5%) saccular aneurysms and 7 (4.5%) fusiform aneurysms. Nine aneurysms were located in the posterior circulation. A branch arising from the sac was observed in 26 aneurysms: the ophthalmic artery in 16, the posterior communicating artery (PCoA) in 4, the anterior choroidal artery (AChA) in 3, the anterior inferior cerebellar artery in 1, the posterior inferior cerebellar artery in 1, and a lenticulostriate artery from the middle cerebral artery in 1. In 131 aneurysms, branches were not present. The characteristics for both groups are shown in Table 1 . A statistically significant difference between the groups was found for the dome/neck ratio. In both groups, the most frequent localization was paraophthalmic. In the group without branches, the second most frequent localization was cavernous, while in the group with branches, the second most common localization was in the communicating segment.
Treatment Characteristics
The procedure was successfully accomplished in all patients. Two patients underwent 2 procedures because of bilateral aneurysms. A total of 152 aneurysms were treated with 1 PED, and 5 aneurysms were treated with 2 PEDs (Table 2) . Balloon angioplasty was used in 30 of 118 procedures to achieve good wall apposition. Concomitant coil placement at the time of the PED procedure was performed in 9 aneurysms.
Primary End Point
Complete occlusion was observed in 120 of 156 aneurysms at 6 months (76.92% [95% CI 69.71%-82.84%]) and in 136 of 155 aneurysms at 12 months (87.74% [95% CI 81.28%-92.27%]) (Table 3) . Two patients were lost to follow-up. Total angiographic occlusion was more frequently observed in aneurysms without a branch arising from the sac (Figs. 1 and 2) . After 1 year, the branches associated with occlusion failure were the ophthalmic artery in 7 cases, the PCoA in 1 case, and the AChA in 1 case. Even considering total occlusion and near-total occlusion as a unique group, the difference between groups remained statistically significant. Excluding the cases in which the PCoA was the branch arising from the sac, the results are the same.
Univariate analysis demonstrated that total occlusion was associated with the absence of branches arising from the aneurysm (Table 3) . Multivariate analysis confirmed these findings and revealed that the diameter of the an- eurysm impacted negatively on the total occlusion rate (Table 4) .
Secondary End Points
Four (3.45% [95% CI 1.11%-9.12%]) deaths or major stroke occurred in 1 year. There were 2 major strokes: embolic ischemia to the occipital cortex in a patient who underwent basilar artery aneurysm treatment and ischemia of a perforating vessel in a patient who underwent treatment of an aneurysm at the M 1 segment. Two deaths occurred: one patient had a giant fusiform basilar aneurysm, and the other had a partially thrombosed basilar aneurysm. No intracranial bleeding from an aneurysm or bleeding not related to the aneurysm occurred. Amaurosis fugax occurred in 3 patients during the 1st year. One patient harboring a giant, cavernous aneurysm experienced transitory worsening of mass effect after treatment. No occlusion of branches arising from the aneurysm was observed. In-stent stenosis greater than 50% was observed in 1 case.
We observed 1 thrombotic complication inside the flow diverter, which was treated with abciximab without ischemic consequences. In 2 patients harboring internal carotid artery aneurysms, dissection occurred during the navigation of the distal access catheter, but the patients were asymptomatic.
Discussion
The PED has emerged as an important tool for the treatment of complex intracranial aneurysms. It is the most widely used flow diverter in interventional neuroradiology.
2,4, 5,9,10,13,15,16,24 The device gained FDA approval for use in adults with giant and large aneurysms between the petrous and superior hypophyseal segments of the internal carotid artery, but smaller and morphologically less complex aneurysms are increasingly treated with PEDs. 1, 2 Thus, in an increasing number of cerebrovascular centers, the PED has become a first-line option for unruptured sidewall cerebral aneurysms. 4 Compared with traditional embolization techniques, flow diverters have proved to be more efficient and at least as safe as traditional embolization techniques. [1] [2] [3] 5 Endoluminal flow diversion has been shown in clinical studies to achieve high rates of aneurysm occlusion. 3, 4, 6, 13, 15, 16, 24, 26 A pooled analysis of 3 large studies revealed that complete occlusion rates after PED treatment were 75.0%, 85.5%, and 93.4% at 6 months, 1 year, and 3 years, respectively. However, approximately 10%-20% of treated aneurysms will not be occluded. 10 Moreover, current knowledge about flow diversion does not allow for reliable predictions about occlusion probability in a given aneurysm.
Several factors and mechanisms have been described and are potentially responsible for failed occlusion. Predictors of treatment failure include fusiform aneurysm morphology, decreasing dome/neck ratio, the presence of a preexisting laser-cut stent, device malposition, inadequate coverage of the aneurysm neck, and variable porosity of the device in curved vessels. [20] [21] [22] In addition to those predictors, the incorporation of a branch vessel into the aneurysm fundus has repeatedly been reported as a potential contributing factor to treatment failure. 7, 11, 12, 21 In 2015, Kan et al. 11 reported the cases of 4 patients with fetal PCoA aneurysms who underwent treatment with the PED. Aneurysm occlusion failed in all patients, despite the addition of coils in 3 of the cases. The authors emphasized that a fetal posterior cerebral artery is an end vessel with no distal collaterals, and the demand of this large vessel will maintain flow and patency even after placement of a flow diverter because of the pressure gradient across the ostium. They concluded that flow diversion for fetal PCoA aneurysms is ineffective. Tsang et al. 25 also found that this type of aneurysm is associated with a particularly poor occlusion rate. In our series, 1 patient harboring an aneurysm with a fetal PCoA arising from the sac was treated. We decided to place coils in addition to the PED. Control angiography 6 months after treatment demonstrated complete occlusion.
Despite the presence of potential anastomosis with the external carotid artery, the same behavior (i.e., treatment of aneurysms was ineffective) was observed with aneurysms in the ophthalmic artery arising from the sac. The occlusion rate at the last follow-up (mean 11.5 months) was only 50%. 7 Shapiro et al. 21 reported a series of 19 (21%) aneurysms that remained unoccluded at 12 months. The aneurysms were thought to remain due to branch vessel runoff in 7 of these cases (4 ophthalmic arteries and 3 PCoAs arising from the sac).
Additionally, Kan et al. 12 reported on a cohort of 15 patients with 16 cerebral aneurysms that incorporated an end vessel with no significant collaterals, which were treated with PEDs. The series included 7 PCoA aneurysms, 5 ophthalmic artery aneurysms, 1 superior cerebellar artery aneurysm, 1 anterior inferior cerebellar artery aneurysm, and 2 middle cerebral artery aneurysms. None of the aneurysms achieved significant occlusion at the last followup (mean 24 months). The present series demonstrated a similar result: aneurysms with branches arising from the sac are less likely to totally occlude after 1 year (60.0% vs 93.1%). Considering total and near-total occlusion as a single group, the difference remains statistically significant (76.0% vs 96.2%). A PCoA aneurysm treated with a PED can present with residual filling not only because of the pressure gradient toward the aneurysm created by the branch but also theoretically through retrograde filling of the sac via the posterior circulation. However, even after excluding PCoA aneurysms from the analysis, the difference in occlusion rates remains.
The patency of jailed arteries and perforators arising from normal segments covered by flow diverters is theoretically guaranteed by the pressure gradient toward the vessel. These same physiological processes can contribute to persistent filling of the aneurysm when an artery is incorporated into the sac.
Although the 1-year occlusion rate for aneurysms with a branch arising from the sac was low, 88% (22 of 25) of these aneurysms exhibited partial shrinkage greater than 50%. Angiographic outcomes are surrogate markers for patient outcomes. Moreover, aggressive attempts at complete occlusion may lead to morbidity due to re-treatment. 18, 19 The natural history of residual aneurysms after treatment with flow diverters is still poorly known. To improve occlusion rates, the placement of coils in addition to flow diverters to treat aneurysms with branches arising from the sac must be investigated. Another strategy would be the deployment of multiple overlapping devices. However, Shapiro et al. 21 reported 7 aneurysms with branches arising from the sac that failed to be occluded, despite the use of an average of 3 PEDs per case. Therefore, the efficacy of using more than one device to improve the occlusion rate should be better studied.
The major strength of this study is that it is the first to compare occlusion rates of aneurysms with and without an artery arising from the sac that were treated with PEDs. A significant number of patients were involved, and only 2 patients were lost to follow-up.
On the other hand, the major limitations are the retrospective design of the study and the relatively short followup period, which may underestimate the efficacy of PEDs in the patients with branches arising from the sac, since one might expect more long-term complete occlusions in this group.
Conclusions
Intracranial aneurysms treated with PEDs are less likely to be totally occluded after 6 months and 1 year if they have a branch arising from the sac than are aneurysms without those branches.
